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H
igh speed steels are widely used in making high-
speed cutting tools that require high hardness and wear 
resistance at elevated temperature. Among them, AISI M2 
steel is the most popular one.
The conventional method for manufacturing high speed steels 
mainly comprises two steps, namely the conventional casting 
and hot working. The as-cast microstructure of high speed 
steels consists of the dendritic austenite decomposition products 
(generally martensite with some retained austenite) and the 
eutectic carbide networks, which are heterogeneously distributed 
in the interdendritic regions 
[1]. Subsequent hot working process 
enables to break up the networks of eutectic carbides, refine the 
sizes and improve the distribution of carbides 
[2].
Compared with the method of conventional casting, 
continuous casting process is an advanced fabrication 
technology widely applied in the production of steels and other 
metals. However, it is rarely used in manufacturing high speed 
steels. This is because the high speed steels contain a great 
amount of carbon and alloying elements that may cause some 
macrostructural defects in continuous casting ingots, such as 
severe composition segregation and shrinkage cavity. Besides, 
cracks are easy to form on the surface of ingots, due to the 
Abstract: The present work investigated the solidification microstructure of AISI M2 high speed steel 
manufactured by different casting technologies, namely iron mould casting and continuous casting. The results 
revealed that the as-cast structure of the steel was composed of the iron matrix and the M2C eutectic carbide 
networks, which were greatly refined in the ingot made by continuous casting process, compared with that by 
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into the fiber-like shape that exhibited little characteristics of anisotropic growth. It was noticed that the fiber-like 
M2C was much easier to decompose and spheroidize after heated, as a result, the carbides refined remarkably, 
compared with the case of plate-like carbides in the iron mould casting ingot.
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lower ductility of high speed steels. Thus, rarely little has been 
known about the solidification microstructure of high speed 
steels produced by continuous casting.
The properties of high speed steels are usually determined by 
the distribution and dimension of carbides, which are closely 
associated with the as-cast structure of casting ingots 
[3,4]. Whether 
or not different casting technologies can play an influence on the 
solidification microstructure of high speed steels is still unknown. 
In the present work, the continuous casting and iron mould 
casting processes are used to produce the sample ingots of the 
high speed steel, and the difference of microstructure between 
the ingots by the two methods is examined and evaluated.
1 Experimental procedure
1.1 Specimen preparation
The material used in this study was AISI M2 high speed steel. 
Its chemical compositions were analyzed as listed in Table 1. 
The steel was melted in an induction furnace with a superheat of 
about 100℃, and then ingot making was performed by horizontal 
casting with iron mould and continuous casting processes, 
respectively. The schematic diagrams of the casting processes 
were illustrated in Fig. 1. For the iron mould casting process, 
the liquid steel was poured into the casting mould with an inner 
diameter of 300 mm, and then cooled down slowly in the air. For 
the continuous casting process, the liquid steel was pulled out 
with a velocity of 1.1 m·min
-1 and a frequency of 95 times·min
-1, 
and cooled by water spraying with a velocity of 1.2 m
3·min
-1. 
The diameter of the continuous casting ingot is about 120 mm.August 2011
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microscope (TEM) and X-ray diffraction (XRD). The EBSD 
measurements were carried out by EDAX diffraction system 
linked to FEI Sirion-400 SEM, which performed fully automatic 
indexation of the Kikuchi patterns. The specimens for EBSD 
were prepared by a combination of mechanically polishing 
and electro-polishing in 5% perchloric acid. The specimens for 
TEM were prepared by a combination of dual ion milling and 
ion polishing, and then examined by Tecnai G2 TEM. XRD 
diffraction was carried out with glancing angles in the range 
of 30° to 90°, using the XD-3A diffractometer with Cu Kα 
radiation. The specimens for XRD made of carbide powders 
were electro-extracted from the specific ingots in the study. 
The ingots are heated at 1,150℃ for 1 h. The microstructures 
of ingots after heating are examined by SEM and XRD.
2 Results and discussion
2.1 As-cast structure of M2 ingots
Figure 2 shows the microstructure of M2 high speed steel 
ingot, which consists of dendrites of primary austenite and 
networks of eutectic carbides distributed in the interdendritic 
regions. It is noticed that the dendrites are refined and 
the networks of eutectic carbides are distributed more 
homogeneously in the continuous casting ingot, compared to 
those in the iron mould casting ingot.
The average cooling rates in both ingots were calculated 
by measuring the secondary dendrite arm spacings. It is 
estimated that they are about 0.6 K·s
-1 and 11.5 K·s
-1 in ingots 
by iron mould casting and continuous casting, respectively. 
The difference in cooling rate is expected to be related to their 
specific solidification conditions of the two casting technologies. 
It is the secondary water spray cooling and air cooling that result 
in the higher cooling rate in the ingot by continuous casting. 
Table 1: Chemical composition of the investigated 
AISI M2 high speed steel (wt.%)
  C         Si       Mn      W       Mo       Cr       V          S           P       Fe
0.85    0.40    0.33    5.87    4.94    4.07    1.95    0.008    0.025    Bal.
Fig. 1: Schematic diagrams of the processes of iron 
mould casting (a) and continuous casting (b)
1.2 Microstructure characterization
The solidification microstructures of ingot specimens were 
observed under an optical microscope, using Murakami etchant 
(3g K3Fe(CN)6+10g NaOH+100mL H2O)
[5]. To observe 
the three-dimensional morphology of eutectic carbides, the 
specimens were deeply etched in an etchant of 5 mL HF + 
100 mL H2O2 and then observed by FEI Sirion-400 field 
emission scanning electron microscope (SEM). The chemical 
compositions of carbides were measured, using Genesis 60S 
energy dispersive spectroscopy (EDS). 
The microstructures of carbides were determined by electron 
back-scatter diffraction (EBSD), transmission electron 
Fig. 2: As-cast structure of M2 high speed steel ingots produced by iron mould casting (a) and continuous casting (b)
2.2 Morphology and microstructure of 
eutectic carbides
Figure 3 shows the typical morphologies of eutectic carbides in 
the ingots by the two different casting technologies. In the iron 
mould casting ingot, the eutectic carbides present a plate-like 
shape with flat surfaces. In contrast, they evolve into the fiber-
like one with round and curved profiles in the ingot made by 
continuous casting. The results of EBSD demonstrate that both 
the plate-like and fiber-like carbides are the M2C type lattice 
with hexagonal close-packed structure, as illustrated in Fig. 4. 
This is in agreement with previous works [6-8]. The chemical 
compositions of the two carbides are also different as shown 
in Table 2. Compared with the plate-like M2C, the contents 
of strong carbide-forming elements in the fiber-like M2C are 
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decreased remarkably, which is caused by the higher cooling 
rate of continuous casting process. It is known that M2C carbides 
are formed by the eutectic reaction “liquid → austenite + M2C”, 
and the alloying elements in liquid steel mainly segregate in the 
carbides during solidification. With increasing cooling rate, the 
elements in liquid steel diffuse insufficiently during the eutectic 
reaction. Thus, the contents of alloying elements decrease in the 
carbides while they increase in the austenite.
Despite of the same crystal structure, the three-dimensional 
morphologies of plate-like and fiber-like carbides suggest that 
they may have different growing characteristics. As illustrated 
in Fig. 3, plate-like M2C grows faster in the direction parallel 
to the surface of plates than the direction perpendicular to the 
surface, presenting the characteristic of anisotropic growth. 
This is demonstrated by the results of EBSD (Fig. 5). It is 
found that the surface of plates is parallel to {0001} planes, 
which are the most close-packed planes of M2C with hexagonal 
close-packed structure. As for the anisotropic growth phase, 
Fig. 3: Three-dimensional morphologies of plate-like eutectic carbides in the iron mould 
casting ingot (a) and fiber-like eutectic carbides in the continuous casting ingot (b)
Fig. 4: The indexing of EBSD patterns from plate-like eutectic carbides (a) and fiber-like 
eutectic carbides (b) indicating that they are both M2C
               V           Mo         W       Cr    Fe
Plate-like             11.8       28.5       36.9      5.2   17.6
Fiber-like               6.5       16.3       28.4      4.7   44.1
Morphology of 
eutectic carbide
Table 2: The chemical compositions of eutectic carbides 
with different morphologies (wt.%)
it grows faster at high index orientations than those with low 
index, leaving the close-packed crystallographic planes as 
the facets on the crystal surfaces. Therefore, the orientation 
map confirms that the growth of plate-like M2C is anisotropic. 
However, in the case of fiber-like carbides, few preferred 
growing directions can be identified and the anisotropic growth 
characteristics disappear.
Figure 6 illustrates the orientation relationships between 
different parts of eutectic carbides in one colony, which also 
supports the findings mentioned above. The diffraction patterns 
between adjacent plates of plate-like M2C are totally different, 
indicating that they have different orientations. The orientation 
changes of plate-like carbides are possibly caused by the 
formation of micro-twining, which is the typical characteristic 
of anisotropic growth in microstructure scale, as shown in Fig. 
7. In contrast, few crystal defects are observed in the fiber-like 
M2C and the carbides almost present the same orientation in 
one colony.
The difference in morphology of M2C is expected to be 
resulted from the variation of solid/liquid interface structures, 
which depends on variable undercooling or cooling rate at the 
interfaces during solidification
[8]. In the iron mould casting ingot 
with low cooling rate, the plate-like M2C is a faceted phase and 
the growth of which is anisotropic. It alternates the growing 
direction by the formation of micro-twining, thus resulting in the 
(a) (b)
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Fig. 5: (a) The chosen area in the plate-like M2C for EBSD measurements. The arrows illustrate 
that the surface of the chosen plate is nearly parallel to the surface of the EBSD specimen; 
(b) The orientation maps of the chosen area; (c) The colors represent different orientation 
relationships between carbides and surfaces of the specimen
Fig. 7: Crystal defects in the plate-like M2C
Fig. 6: Orientation relationship of plate-like M2C (a) and fiber-like M2C (b) in one eutectic colony
orientation change between plates. With increasing cooling rate 
by continuous casting, however, the fiber-like M2C evolves into 
the non-faceted phase, which grows continuously and changes 
the growing direction freely without crystal defects 
[9].
2.3 Microstructure of M2 ingots after heating
Figure 8 illustrates the microstructures of ingots after heating 
at 1,150℃ for 1 h. It was found that the morphologies of plate-
like and fiber-like carbides differ significantly after heating. 
The plate-like carbides change little in their shape while the 
fiber-like carbides get separated and spheroidized obviously.
The different morphologies of carbides after heating are 
relevant to the thermal stability and the original shape of M2C 
eutectic carbides. As illustrated in Fig. 8, both the plate-like 
and fiber-like M2C have possibility to decompose into M6C 
and MC after heating. Plate-like M2C carbides decompose 
incompletely and there is still M2C remaining in the center 
of carbides. In contrast, the fiber-like M2C decomposes 
completely. This is confirmed by the results of XRD (Fig. 9). It 
indicates that the fiber-like M2C is less stable than the plate-
like M2C, thus accelerating the spheroidization process of 
carbides after heating. It is expected that the lower thermal 
stability of fiber-like M2C is caused by the decreased contents 
of strong carbide-forming elements in it, such as vanadium, 
molybdenum and tungsten (Table 2). In addition, the fiber-like 
carbides have round and curved profiles with high curvature, 
which remarkably improves the dynamic driving force for 
separation of carbides during heating 
[10]. It also promotes the 
spheroidization of fiber-like carbides, compared to the case of 
plate-like carbides with flat surfaces.
The results above indicate that the formation of fiber-
like M2C in continuous casting ingots is favorable for the 
refinement of carbides after heating. Such an positive effect 
enables to remain even after the subsequent forging process
[11]. 
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Fig.8: Morphologies of plate-like carbides in the iron mould casting ingot (a) and fiber-
like carbides in the continuous casting ingot (b) after heating at 1,150℃ for 1 h. The 
arrows show the phase of M2C, M6C and MC, respectively
Fig.9: XRD profiles of carbide powders extracted from 
M2 ingots produced by iron mould casting (a) and 
continuous casting (b) after heating at 1,150℃ for 1 h
Thus, it is inferred that the continuous casting process has 
advantage in improving the microstructural homogeneity and 
properties of high speed steels, compared with the case of iron 
mould casting.
3 Conclusions
The present work investigated the solidification microstructure 
of M2 high speed steel manufactured by iron mould casting and 
continuous casting, respectively. Due to the higher cooling rate 
by continuous casting, the dendrites are greatly refined and the 
networks of M2C eutectic carbides are more homogeneously 
distributed in the matrix, compared with the case of ingots 
by iron mould casting. Meanwhile, the morphology of M2C 
evolves from the plate-like shape into the fiber-like one with 
increasing cooling rate. Despite of the same crystal structure, 
the two carbides present different growing characteristics. The 
fiber-like M2C is much easier to decompose and spheroidize 
after heating, favoring the refinement of carbides in high speed 
steels, compared with the plate-like M2C in ingots by iron mould 
casting.
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